For most substrates of ubiquitin (Ub)-dependent degradation, recognition by the proteasome is mediated by a covalently attached signal assembled from multiple ubiquitins linked to each other via the C terminus of one Ub and the ⑀-amine of Lys 48 of another Ub. Among Ubconjugating enzymes, E2-25K is unique in its ability to synthesize in vitro unanchored Lys 48 -linked poly-Ub chains from mono-or poly-Ub, E1, and ATP; thus, E2-25K has distinct binding sites for donor and acceptor (poly)Ub. During studies of chain assembly by E2-25K, we observed that Lys 48 -linked tri-Ub was efficiently converted to a new species that upon SDS-polyacrylamide gel electrophoresis migrated between linear di-Ub and tri-Ub. Analysis of this product by mass spectrometry and tryptic digestion showed that it was a cyclic form of tri-Ub. Cyclization of tri-Ub requires E1, E2-25K, ATP, and that the linear substrate has a free Gly 76 C terminus on the proximal end Ub and a Lys 48 side chain available on the distal end Ub. E2-25K similarly can catalyze the cyclization of longer poly-Ub chains, including tetraand penta-Ub. Although cyclic tri-Ub resists hydrolysis by the PA700 or isopeptidase T deubiquitinating enzymes, it can be disassembled to Ub monomers by isopeptidase(s) in a red blood cell extract. Thus, if cyclic poly-Ub forms in vivo, it will not accumulate as a deadend product.
In eukaryotes, covalent attachment of the 76-residue protein ubiquitin (Ub) 1 identifies a substrate for intracellular proteolysis by the 26 S proteasome (reviewed in Refs. 1 and 2). Usually, the C-terminal carboxyl group of Ub is linked to an internal lysine side chain of the substrate, and subsequently, multiple ubiquitins are added to form a poly-Ub chain extension. Its 8 primary amino groups (i.e. an unblocked N terminus plus 7 lysine residues) give Ub the potential to be assembled into a large variety of poly-Ub structures. Ub residues Lys 6 , Lys 11 , Lys 29 , Lys 48 , and Lys 63 all can act as acceptors for ubiquitination, and poly-Ub with linkages through Lys 29 ,
Lys 48 , and Lys 63 have been implicated in distinct physiological functions (reviewed in Refs. 3 and 4) . Nonetheless, chains with UbϪUb isopeptide bonds made exclusively through Ub Lys 48 appear to be the principal 26 S proteasome recognition signal (5, 6) .
Ubiquitination generally entails multiple rounds of Ub transfer catalyzed by the sequential action of the Ub activating enzyme (E1), a Ub conjugating enzyme (E2), and a Ub-protein ligase (E3). Among the large number of E2 enzymes (7), mammalian E2-25K and its 20-kDa wheat homolog are unique in their ability to assemble Lys 48 -linked poly-Ub in the absence of an E3 in vitro (8 -11) . E2-25K can utilize either mono-Ub or poly-Ub as the acceptor for ubiquitination, and in all cases the transfer is exclusively to Lys 48 of the distal Ub unit. E2-25K is similarly flexible with respect to the donor substrate. Both Ub and poly-Ub can be activated by E1 to form a (poly)UbϪE1 thiol ester, and such adducts are competent as (poly)Ub donors for E2-25K-catalyzed chain elongation. However, whether E2-25K functions to assemble unanchored chains of Lys 48 -linked poly-Ub in vivo is unclear, and its kinetic properties make such a possibility unlikely (Ref. 8 , and see "Discussion"). Nonetheless, the unique ability of E2-25K in vitro to assemble chains de novo from Ub, E1, and ATP makes possible the synthesis of large amounts of unanchored Lys 48 -linked poly-Ub (11) (12) (13) . The products of such ubiquitination reactions have been extremely useful in studies of poly-Ub structure (14, 15) , poly-Ub binding proteins (16 -19) , poly-Ub-protein conjugate recognition and degradation by the 26 S proteasome (13, 20) , and poly-Ub disassembly by deubiquitinating enzymes (21, 22) .
During the preparation of Lys 48 -linked poly-Ub, poor yields of tri-Ub and longer poly-Ub chains prompted us to re-examine the progress of the E2-25K-catalyzed reaction. We observed that, as the concentrations of mono-Ub and di-Ub decreased, a new Ub-containing protein accumulated that appeared by SDS-PAGE to have a size between di-Ub and tri-Ub. Characterization of this protein showed that it was a cyclic molecule formed by an intramolecular Gly 76 ϪLys 48 isopeptide bond that connected the proximal and distal-end Ub units of a linear tri-Ub precursor. Similar intramolecular cyclization products were found for tetra-Ub and penta-Ub. Our results explain anomalous SDS-PAGE gel patterns seen previously with mixtures of poly-Ub chains (11, 16, 17) and indicate the potential for artifacts from cyclic contaminants in these mixtures. Methods to detect the presence of cyclic poly-Ub are discussed, as are strategies to minimize or avoid cyclization in E2-25K-catalyzed reactions. Finally, although the cyclic chains resist most deubiquitinating enzymes, an activity in a red blood cell extract was found that can open cyclic Lys 48 -linked tri-Ub and disassemble it to form Ub monomers.
EXPERIMENTAL PROCEDURES
Materials-Bovine Ub, creatine phosphokinase (type I), yeast inorganic pyrophosphatase, and L-1-tosylamido-2-phenylethyl chloromethyl ketone-treated trypsin were purchased from Sigma. Recombinant E2-25K and GST-E2-25K were purified after expression in Escherichia coli (10) ), the C170S mutant form of E2-25K (10) , and recombinant murine Ub-activating enzyme (E1) were gifts from C. Pickart (Johns Hopkins University, Baltimore, MD). Ub monoiodinated specifically on Tyr 59 (23) was synthesized by treating Ub (1 mg/ml) with equimolar I 2 in 50 mM Tris-HCl, pH 10.5, for 90 min at 25°C, and the monoiodo-Ub product was isolated by reverse phase HPLC (Vydac C4 column eluted at 0.75 ml/min with a linear gradient of 32-40% acetonitrile in 0.1% trifluoroacetic acid). The bovine PA700 complex was provided by G. DeMartino (University of Texas Southwestern Medical Center, Dallas, TX), and purified recombinant human UCH37, the Ub isopeptidase component of the complex, was prepared in our laboratory by W. Xu (24) . Affinity purified bovine isopeptidase T was prepared as described (12) . A collection of E. coli strains containing various Saccharomyces cerevisiae UBP genes expressed from either pGEX (UBP5, UBP14/IsoT, and UBP9) or yeast-based plasmids (UBP1, UBP2, UBP3, UPB4/DOA4, UBP7, and UBP13) was provided by M. Hochstrasser (University of Chicago, Chicago, IL).
Poly-Ub Chain Synthesis and Disassembly Reactions-Lys
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-linked poly-Ub chains were synthesized according to Chen and Pickart (8) . A typical chain synthesis reaction contained 0.1 M E1, 10 M E2-25K (either wild-type or the more stable C170S variant) or 4 M GSTϪE2-25K, 100 mM Tris-HCl, pH 8.0, 4 mM ATP, 5 mM MgCl 2 , 0.03 mg/ml creatine phosphokinase, 5 mM creatine phosphate, 0.3 unit/ml inorganic pyrophosphatase, 0.1 mM dithiothreitol, and various concentrations of wild-type or mutant Ub; incubations were done at 37°C. For cyclization reactions that employed presynthesized chains, the same reagents were used except that poly-Ub chains were added instead of mono-Ub. Incubations of poly-Ub with various deubiquitinating enzymes were done at 37°C in 50 mM Tris-HCl, pH 7.5, and 5 mM dithiothreitol.
Purification of Poly-Ub Chains-The products from a chain synthesis reaction were first separated by cation-exchange HPLC (POROS HS/H column eluted at 1 ml/min with a linear gradient of 0 -1 M NaCl in 25 mM NH 4 OAc, pH 4.5). Poly-Ub chains of defined length (n ϭ 2-5) were individually collected and further purified by gel filtration (1 ϫ 30 cm Superdex 75 column; Amersham Pharmacia Biotech, Inc.) with 20 mM Tris-HCl, pH 8.0, 100 mM NaCl as the solvent. Separation of linear from cyclic poly-Ub was achieved by reverse phase HPLC on a Vydac C4 column eluted at 1 ml/min with a linear gradient of 30 -40% acetonitrile in 0.1% trifluoroacetic acid. Radioiodinations used carrier-free Na 125 I and lactoperoxidase and were done by the University of Iowa DERC Radioiodination Facility.
Preparations of Yeast Lysate and Bovine Red Blood Cell Fraction II (rbcFII)-A yeast cell lysate was prepared from S. cerevisiae strain LWY7236 (MATahis3pep4). Cells were grown in YPD medium (1% yeast extract, 2% peptone, 2% dextrose) with shaking at 30°C, harvested in mid-logarithmic phase by centrifugation, and broken by vortexing the cell pellet for 3 min with equal volumes of glass beads (ϳ0.5 m) and ice-cold buffer (10 mM Tris, pH 7.5, 300 mM sorbitol, 100 mM NaCl, 5 mM MgCl 2 ). The supernatant fraction after centrifugation (5,200 ϫ g for 5 min) was used as the crude yeast lysate. Fraction II from a bovine red blood cell hemolysate (rbcFII) was prepared by anion-exchange chromatography essentially as described for rabbit reticulocyte Fraction II (26) . The hemolysate (provided by P. Rogers, Dept. of Biochemistry, University of Iowa) was passed through a column of DEAE cellulose (Whatman DE52) equilibrated with 3 mM potassium phosphate, pH 7.0. The flow-through contained most of the hemoglobin and Ub. After extensive washing with the same buffer, the rbcFII fraction was eluted with 20 mM Tris-HCl, pH 7.2, 0.5 M KCl, 1 mM dithiothreitol. The eluate was collected, dialyzed against 20 mM Tris-HCl, pH 7.2, 1 mM dithiothreitol, and stored at Ϫ80°C.
Analytical Methods-SDS-PAGE was done according to standard protocols (27) . Unless specified otherwise, 14% polyacrylamide gels were used and proteins were stained with Coomassie Blue. To detect Ub-containing species by immunoblotting, samples were electrophoresed through a 10 -20% polyacrylamide gradient gel (Tris-HCl/SDS buffer system; Bio-Rad) and transferred to a polyvinylidene difluoride membrane (0.2 m pore-size). Immunodetection was done according to standard protocols with affinity purified rabbit anti-Ub antibody (produced as described in Ref. 28) , horseradish peroxidase-conjugated antirabbit antibody (Sigma), and the SuperSignal chemiluminescence reagent (Pierce Chemical Co.). Matrix-assisted laser desorption time of flight mass spectrometry employed a PerSeptive Voyager DE-STR instrument operated in linear mode at a 25 kV accelerating voltage and with an ion-extraction delay of 300 ns. ␣-Cyano-4-hydroxycinnamic acid was used for the sample matrix, and thioredoxin (MH ϩ ϭ 11674.4) and horse heart myoglobin (MH ϩ ϭ 16952.5) were used as internal standards for mass calibration. 
RESULTS
Poly-Ub Chains Synthesized by E2-25K Contain Two
Forms of Tri-Ub-The progress of a typical chain synthesis reaction catalyzed by E2-25K and with wild-type Ub as the initial substrate was monitored by SDS-PAGE (Fig. 1) . As expected, with increasing time, high molecular mass poly-Ub chains accumulated and the amount of Ub monomer decreased. Surprisingly, however, after about 1 h when the free Ub monomer was nearly exhausted, a new species that migrated between di-Ub and tri-Ub was observed. Because the amount of this new species, "Ubx," appeared to increase as the linear tri-Ub decreased, we suspected that Ubx was a derivative or isoform of tri-Ub.
To purify Ubx for further characterization, we used three sequential chromatographic steps to isolate it from the poly-Ub product mixture. Poly-Ub chains of different lengths were first separated by cation-exchange chromatography followed by gel filtration. The tri-Ub pool then was further subjected to reverse phase HPLC. Although Ubx was not resolved from linear tri-Ub by either cation-exchange or gel filtration chromatography (data not shown), good separation was achieved with a C4 reverse phase HPLC column ( Fig. 2A) . The individual peaks were collected and identified as linear tri-Ub and Ubx by SDS-PAGE (Fig. 2B) .
Linear Tri-Ub Is Converted to Cyclic Tri-Ub by E2-25K-We observed that the increase of the new species during the chain synthesis reaction was coupled to a decrease of tri-Ub, which suggested a direct precursor-product relationship. When this idea was tested with purified tri-Ub (Fig. 3) , we found that tri-Ub was converted to the new species, and that the conversion depended on E1, E2-25K, and ATP. Based on the known specificities of E1 and E2-25K (8, 29) , the simplest explanation was that E2-25K had catalyzed formation of an intramolecular isopeptide bond in tri-Ub that joined the C terminus of the proximal Ub to the Lys 48 ⑀-amine of the distal Ub. That is, Ubx could be a cyclic form of tri-Ub containing three Gly assisted laser desorption time of flight mass spectrometry. For both linear tri-Ub and Ubx, six independent mass profiles were collected from which we calculated the mean and the standard deviation of their masses. Ubx was found to have a molecular mass 18.2 Ϯ 2.1 Da less than that of linear tri-Ub (Table I ). This mass difference was consistent with the loss of one water molecule that would result from intramolecular (iso)peptide bond formation.
Confirmation That Ubx Is a Cyclic Trimer: Linearization by Limited Trypsin Digestion-As a folded protein, mono-Ub is cut readily by trypsin only at Arg 74 (30) . If Ubx was indeed a cyclic form of tri-Ub, then a single cleavage by trypsin should open the ring. The product would differ from authentic linear tri-Ub in that Ub74 and Gly 75 ϪGly 76 fragments from the cut Ub would flank di-Ub at, respectively, the proximal and distal ends of the chain. Nevertheless, we expected that a cyclic tri-Ub linearized in this manner would behave like authentic linear tri-Ub with respect to its mobility upon SDS-PAGE. Fig. 4 shows that a 5-min treatment of Ubx with 0.5 M trypsin yielded a product that migrated slower than the starting material and coincident with linear tri-Ub. By 15 min, the amount of linear trimer decreased because it was further digested by trypsin, as revealed by the appearance of a new species that migrated at the positions of mono-Ub and di-Ub. In fact, experiments that used a wide range of trypsin concentrations indicated that linear tri-Ub is about 10 times more susceptible than the cyclic form to cleavage by trypsin (data not shown). Consistent with this observation, we found that the linearized trimer was a relatively short-lived intermediate in the trypsin digestion reactions and never accounted for more than 10% of the total protein.
Cyclization of Tri-Ub Is via an Intramolecular Gly 76 ϪLys
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Isopeptide Bond-To test if the new linkage in Ubx was an isopeptide bond between Gly 76 of the proximal Ub and Lys 48 of the distal Ub, we synthesized two modified forms of tri-Ub, UbϪUbϪUb(Asp 77 ), and Ub(Arg 48 )ϪUbϪUb. The first tri-Ub derivative is blocked from activation by E1 by the incorporation of a C-terminal extended Ub (13) , whereas the second chain is blocked from acting as an acceptor for elongation by E2-25K by having Ub(K48R) at the distal end (10) . As expected, neither of these modified tri-Ub chains could be converted by E2-25K into the faster-migrating Ubx species (Fig. 5A ). This result is consistent with the finding that poly-Ub chains synthesized by E2-25K are linked exclusively through Gly 76 ϪLys 48 isopeptide bonds (8) .
For additional evidence to identify the new linkage in Ubx, we took advantage of a chemically modified mutant form of Ub, Me/AE-Ub(Cys 48 ); in this Ub derivative, the only primary amine is on the side chain of S-aminoethylcysteine, a lysinelike residue introduced specifically at position 48 (5) . When Me/AE-Ub(Cys 48 ) replaced Ub in a chain synthesis reaction, a fast-migrating species similar to Ubx was observed among the products (Fig. 5B) . Together with previous results, these observations strongly support the conclusion that E2-25K can introduce a third isopeptide bond into tri-Ub by joining Gly 76 at the proximal end to Lys 48 at the distal end. Thus, Ubx is the product of an intramolecular cyclization.
Intramolecular Cyclization Uses the Same Acceptor Site on E2-25K as Intermolecular Chain Elongation-Ub modified by iodination of Tyr
59 is a very poor acceptor in E2-25K-catalyzed chain synthesis reactions (25) . Although monoiodotyrosyl-Ub is activated by E1 and can be transferred to form a thiol ester at the "donor" substrate-binding site of E2-25K, iodination of Tyr 59 blocks utilization of (poly)Ub at the acceptor site of an E2-25K-Ub thiol ester complex. Thus, E2-25K will add mono- 
FIG. 4.
Ubx is a cyclic form of tri-Ub: evidence from linearization by trypsin. A reaction mixture containing 50 mM Tris-HCl, pH 7.5, 0.3 mg/ml Ubx, and 0.5 M trypsin was incubated at 37°C. At the indicated times, aliquots were added to SDS sample buffer and immediately heated at 90°C for 5 min. The samples then were run on a SDS-polyacrylamide gradient gel (10 -20% acrylamide, Tris-HCl buffer system), transferred to a polyvinylidene difluoride membrane, and probed with anti-Ub antibody; detection was by chemiluminescence.
iodotyrosyl-Ub to the distal end, but not the proximal end, of a poly-Ub chain. We reasoned that if monoiodotyrosyl-Ub is not a competent acceptor in linear chain synthesis, then it also will not be an acceptor in intramolecular cyclization. We incubated monoiodotyrosyl-Ub and Lys
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-linked di-Ub with E2-25K in a typical chain synthesis reaction (see "Experimental Procedures"). In this way, every poly-Ub product with an odd number of ubiquitins would contain an iodotyrosyl-Ub at its distal end. The result, that monoiodotyrosyl-Ub was incorporated into linear tri-Ub but that no Ubx was produced (Fig. 5C, lane 2) , suggests that chain cyclization by E2-25K employs the same substrate acceptor site as is used in chain elongation.
Cyclization of Poly-Ub (n Ն 4) Chains-Cyclization of tri-Ub might suggest that tri-Ub has a structure that uniquely allows both ends (i.e. the distal Ub and the thiol ester-bound proximal Ub) to fit into the active site of E2-25K. However, it is also possible that longer poly-Ub chains are sufficiently flexible to allow productive binding for cyclization. In order to test this, we purified linear Lys 48 -linked tetra-Ub and penta-Ub as potential substrates for cyclization. These chains then were incubated with E1 and E2-25K in the presence of ATP. In the case of tetra-Ub, after incubation neither higher-order chains (e.g. corresponding to the octamer) nor a shift to faster mobility was observed by SDS-PAGE (data not shown). However, a peak shift was evident by reverse phase HPLC (Fig. 6A) . We isolated the new product that corresponded to this shifted peak and found that, unlike linear tetra-Ub, it was no longer susceptible to disassembly by isopeptidase T (Fig. 6B) , a deubiquitinating enzyme that requires a free proximal Ub for activity (31, and see below). The simplest explanation is that the tetra-Ub was cyclized by E2-25K, although unlike the case with the trimer, the cyclic tetramer was not resolved by SDS-PAGE. Curiously, cyclization by E2-25K of an even longer substrate, linear pentaUb, again gave rise to a slightly faster-migrating protein band as seen by SDS-PAGE (Fig. 6C) . We conclude that cyclization by E2-25K is not restricted to tri-Ub, but that longer chains also are subject to this reaction.
Kinetics of Poly-Ub Cyclization-In vitro, poly-Ub synthesis by E2-25K is rather inefficient. For transfer of donor Ub to acceptor (poly)Ub, the enzyme exhibits a k cat /K m of only ϳ1 ϫ 10 3 M Ϫ1 min Ϫ1 and a high K m (ϳ600 M) for the acceptor substrate (10) . Relative to this intermolecular ubiquitination reaction, the intramolecular cyclization of poly-Ub is surprisingly efficient. Using conditions in which E1 was saturating, we found that linear tri-Ub is converted to cyclic tri-Ub at the rate of ϳ0.1 min Ϫ1 . Even with less than 4 M linear tri-Ub, a concentration that is 150-fold lower than the K m for Ub acceptor, the conversion to cyclic tri-Ub proceeded at nearly 20% of the maximum rate reported for di-Ub formation (10) .
A likely explanation for the relatively high efficiency of the E2-25K-catalyzed cyclization is that binding of the poly-Ub proximal end to the E2 donor site dramatically increases the effective concentration of the acceptor susbstrate, i.e. the distal Ub of the chain. Therefore, we predicted that competition by substrates at the E2-25K donor site could effectively inhibit poly-Ub cyclization, but that the reaction would be much less sensitive to competition at the acceptor site. The results in Fig.  7A ), respectively. The synthesis and purification procedures were essentially as for the wild-type linear tri-Ub. When the wild-type and mutant linear tri-Ub chains (0.2 mg/ml) were introduced into cyclization reactions with E1, E2-25K, and ATP (see "Experimental Procedures"), only the wild-type form was converted to cyclic tri-Ub. B, Me/AE-Ub(Cys 48 ) can support tri-Ub assembly and cyclization. Me/AE-Ub(Cys 48 ) (90 M) was incubated with E1 and GSTϪE2-25K under conditions described previously for poly-Ub synthesis. At the indicated times, aliquots were removed and analyzed by SDS-PAGE followed by silver staining. Note that the GSTϪE2-25K used in this experiment contained several contaminant bands, some of which comigrate with Ub3 and Ub4; these are indicated by the asterisks (see the 0-h time point, lane 1). C, linear tri-Ub with iodotyrosyl-Ub at the distal end is not cyclized. 47 M wild-type Ub (lane 1) or monoiodotyrosyl Ub (lane 2) was incubated at 37°C with 33 M di-Ub, 0.1 M E1, 4 M GST-E2-25K, and the ATP regeneration system. After 2 h, products were analyzed by SDS-PAGE followed by Coomassie staining. Note that in lane 2 the tri-Ub species, which only can be (monoiodotyrosyl-Ub)ϪUbϪUb, does not cyclize.
FIG. 6. Cyclization of tetra-Ub and penta-Ub.
A, purified linear tetra-Ub (0.2 mg/ml) was incubated with E1, E2-25K, and ATP as described (see "Experimental Procedures") and the cyclic tetra-Ub product was separated from the linear form by reverse phase HPLC. B, purified linear or cyclic tetra-Ub (0.2 mg/ml) was incubated with 80 nM isopeptidase T. Whereas linear tetra-Ub was disassembled by isopeptidase T (lane 2), the cyclic tetra-Ub was not (lane 3); lane 4 contains di-Ub as an internal control. C, purified linear penta-Ub (0.2 mg/ml; lane 1) was subject to cyclization as in A above. Lane 2 shows the reaction products after a 1-h incubation; the arrow indicates the new, faster-migrating species indicative of a cyclic form of penta-Ub.
Ub74 was increased to a 50-fold molar excess over the linear tri-Ub, nearly equal amounts of tetramer (i.e. UbϪUbϪUbϪUb74) and cyclic tri-Ub were produced (data not shown). 2 That Ub74 is such a poor competitor might suggest that tri-Ub has a special geometry that promotes the intramolecular cyclization reaction. However, we have observed that tetra-Ub and penta-Ub are cyclized at least as fast as tri-Ub and, in the case of tetra-Ub, much faster (see "Discussion").
Is Cyclic Poly-Ub a Potential "Dead-end" Product?-We next considered whether cyclic poly-Ub, if present in vivo, would be a dead-end product. Among the several deubiquitinating enzymes characterized thus far, only isopeptidase T and the isopeptidase in the PA700 (19 S) regulatory complex of the 26 S proteasome are known to disassemble Lys 48 -linked poly-Ub, where n Ն 3 (21, 22, 31) . Whereas isopeptidase T preferentially releases the proximal Ub from an unanchored chain, the PA700 isopeptidase specifically releases Ub from the distal end. Given that these enzymes normally cut Ub only from a chain terminus, we were not surprised to find that neither one could cut within cyclic tri-Ub (Fig. 7B) .
When apart from the PA700 complex, the UCH37 isopeptidase subunit of PA700 has a dramatically altered substrate specificity in which it can only cleave non-Ub adducts from the proximal end of (poly)Ub. 3 Neither linear nor cyclic tri-Ub was cut by UCH37 (Fig. 7B) . Not shown are identical results obtained with the related UCH family deubiquitinating enzymes, UCH-L1, UCH-L3, and Yuh1; like free UCH37, these enzymes also cleave only non-Ub adducts from the proximal end of Ub or poly-Ub (32, 33) .
Not only does cyclic tri-Ub resist disassembly, it also cannot be extended by E2-25K to form longer chains. With Ub74 as an acceptor, cyclic tri-Ub could not function as a donor in E2-25K-catalyzed chain synthesis (Fig. 7A) . Conversely, cyclic tri-Ub was not an acceptor for the transfer of Ub(Cys 48 ). These results are in accord with our previous conclusion that all Lys 48 and Gly 76 residues in the cyclic molecule are involved in isopeptide bonds. Thus, cyclic tri-Ub cannot be transferred as a donor for chain elongation because it has no free C terminus for activation by E1 or formation of a thiol ester intermediate with an E2. Similarly, based on the previously described (8) specificity of E2-25K for transfer to Lys 48 in (poly)Ub, cyclic tri-Ub was not expected to be an acceptor substrate with this E2.
Intrigued by the possibility of cyclic poly-Ub being a deadend product, we searched for a cyclic poly-Ub hydrolase activity that potentially could counter depletion of the cellular Ub pool by chain cyclization. We first examined 9 of the 16 UBP family deubiquitinating enzymes from S. cerevisiae (34) . UBP1, UBP2, UBP3, UBP4/DOA4, UBP5, UBP7, UBP9, UBP13, and UBP14 (the yeast ortholog of mammalian isopeptidase T (35)) were expressed in E. coli. When co-expressed with UbϪMetϪ␤Gal as a substrate, all of the above enzymes showed positive hydrolase activity. 4 We prepared the respective bacterial lysates and re-examined the activity in vitro against the fluorogenic substrate UbϪ7-amido-methylcoumarin (36) . Among the UBPs tested, UBP1, UBP3, UBP5, UBP9, UBP13, and UBP14 showed positive activity with UbϪ7-amido-methylcoumarin. However, when each lysate was incubated with 125 I-labeled cyclic tri-Ub, no hydrolysis was detected. Moreover, there was no detectable hydrolysis after incubation for 2 h at 37°C with 36 mg/ml of a yeast cell lysate (data not shown).
Although it shares a similar E2 core structure with the UBC1, UBC4, and UBC5 yeast enzymes, E2-25K possesses a unique tail sequence that is essential for its specificity and has no known counterpart in S. cerevisiae (37) . Therefore, it seemed possible that an isopeptidase able to cut cyclic poly-Ub may be present only in higher eukaryotes. To test this, we prepared Fraction II from bovine red blood cells (see "Experimental Procedures") as a potential source of such an activity. When incubated with rbcFII, 125 I-labeled cyclic tri-Ub was disassembled to yield Ub monomers (Fig. 7C) . Disassembly was blocked completely by 1 M Ubal, a specific inhibitor of Ub isopeptidases (38 -40) , which suggests that the observed hydrolysis was not due to nonspecific proteolysis. To confirm the specificity of the reaction, the hydrolysis product was proven to be intact Ub as follows: after the 2-h incubation of rbcFII with 125 I-labeled cyclic tri-Ub, Ubal was added to stop the hydrolysis and then the reaction was supplemented with E1, E2-25K, Ub74, and an ATP-regeneration system. We reasoned that the hydrolysis product could be conjugated to the Ub74 acceptor and yield radiolabeled di-Ub only if the disassembly of cyclic tri-Ub generated Ub with an intact C terminus. Fig. 7C shows that nearly all of the radioactive hydrolysis product that migrated as mono-Ub in lane 2 could be converted by the conjugation enzymes to the size of di-Ub (lane 4). Thus, higher eukaryotes have the ability to disassemble and, presumably, recycle cyclic forms of poly-Ub. ) (donor) or Ub74 (acceptor) to form tetra-Ub. Note that, even with Ub74 in a 15-fold molar excess, a significant fraction of the linear tri-Ub was cyclized. B, cyclic tri-Ub is not susceptible to isopeptidases that can disassemble linear poly-Ub. The indicated isopeptidase (80 nM) was incubated with linear or cyclic tri-Ub (6 M) at 37°C for 2 h. The reactions were stopped with SDS sample buffer and the products visualized by Coomassie staining after SDS-PAGE. No cleavage of the cyclic tri-Ub was detected (estimated k cat /K m Ͻ 0.01 min Ϫ1 M Ϫ1 ). The reaction in lane 6 contained di-Ub as an internal control. C, cyclic tri-Ub is disassembled by a bovine blood cell extract (see "Experimental Procedures").
125 I-Labeled cyclic tri-Ub (ϳ0.01 mg/ml; 0.4 M) was incubated alone (lane 1) or with bovine fraction II (lanes 2-4) at 37°C for 2 h. In lane 3, cyclic tri-Ub disassembly was inhibited when the extract was preincubated with 1 M Ubal for 5 min. In lane 4, after the 2-h incubation to allow disassembly, 1 M Ubal (to inhibit further disassembly), a Ub-conjugating system (0.1 M E1, 10 M E2-25K, and an ATPregeneration system), and Ub74 (ϳ50 M) were added and the incubation was continued for 2 h. The products were separated by SDS-PAGE followed by detection of the radiolabeled species with a Packard InstantImager.
DISCUSSION
We have shown that E2-25K not only can catalyze chain elongation by forming intermolecular UbϪUb isopeptide bonds, but that it also can cyclize chains of three or more Ub units by forming an intramolecular isopeptide bond. As with the chain elongation reaction (8) , cyclization is restricted to the joining of Gly 76 from a donor Ub to Lys 48 of an acceptor Ub. Poly-Ub synthesized by E2-25K had been observed previously to migrate as doublets or poorly resolved smears upon SDS-PAGE (11, 16, 17) , but the origin of this apparent heterogeneity was unclear. We now understand that the presence of cyclic chains in poly-Ub product mixtures accounts for the complexity seen by SDS-PAGE.
In vitro synthesis by mammalian E2-25K or its plant homolog (8, 11, 13) is the only method currently available for the preparation of unanchored Lys 48 -linked poly-Ub. Our results indicate that chains made by E2-25K must be used with caution because, depending upon the conditions of synthesis (see below), cyclic poly-Ub may constitute a significant proportion of the products. Also, it is important to appreciate that SDS-PAGE alone is not necessarily a good test for the presence of cyclic poly-Ub. With chains longer than four Ub units, resolution of the linear and cyclic forms is at best marginal and is strongly affected by slight variations in gel composition and electrophoresis conditions. Moreover, for tetra-Ub and possibly also for longer chains that have an even number of ubiquitins, the cyclic and linear forms do not resolve; this is observed even when, in the same gel lane, higher and lower mass chains (e.g. n ϭ 3 and 5) have each separated into doublets (see Fig. 1 , lane 7; also Ref. 11). Apparently, each doublet corresponds to the linear and cyclic forms of a poly-Ub chain, but why SDS-PAGE cannot resolve the two forms specifically when n is an even number is unclear. A likely explanation is that the most favored conformations adopted by poly-Ub depend on whether n is odd or even. With odd-numbered chains, the linear and cyclic forms must be sufficiently different with respect to SDS binding or frictional coefficient (or both) that they separate upon SDS-PAGE; evidently, this difference is smaller for the evennumbered chains. Whether the effect is due to a length-dependent switch of conformation within the linear series or cyclic series of chains remains to be determined.
It would be useful to have an assay that can distinguish cyclic from linear poly-Ub over a wide range of polymer sizes. For chains where n ϭ 3 or 4, reverse phase HPLC can reproducibly resolve the cyclic and linear forms (Figs. 2 and 6A) . However, because the resolution can be expected to decrease sharply with increasing chain length, the cyclic and linear forms of chains much longer than hexamers are unlikely to be separated. In principal, a more general method to distinguish cyclic from linear poly-Ub is by treatment with specific isopeptidases. Whereas cyclic chains are resistant, unanchored linear poly-Ub can be disassembled from the proximal or distal end by isopeptidase T or the PA700 isopeptidase, respectively (e.g. see Fig. 7A ). Provided that the reaction goes to completion, SDS-PAGE of a poly-Ub sample digested with either of these "exo" isopeptidases can reveal the presence of cyclic components. In practice, however, we have found it difficult to achieve complete digestions of complex mixtures that contain long poly-Ub chains (data not shown), but the approach should work well for samples with mostly short chains (i.e. n Յ 6) or that have a narrow distribution of chain lengths.
Two strategies can be used to minimize or eliminate cyclic products from in vitro poly-Ub synthesis by E2-25K. The first relies on the fact that chains with 3 or more Ub units must occupy the donor site on E2-25K in order for cyclization to ensue. Because mono-Ub (and, presumably, di-Ub) competes efficiently for binding to this site, cyclization will be suppressed
; this was illustrated in Fig. 7B by the inhibition of tri-Ub cyclization. Thus, for chain syntheses that use Ub as the substrate, cyclic products can be kept to low levels by stopping the reactions before the monomer falls below 30% of its initial concentration. Conversely, cyclization can be promoted by allowing the reactions to proceed to near-depletion of the Ub and di-Ub pools.
A second and much more certain approach to avoid cyclization is by assembly of chains from dimeric (or longer) poly-Ub derivatives synthesized to contain proximal or distal end-specific blocking groups (e.g. isopeptide bond required for cyclization. Detailed procedures that describe the preparation and use of such blocked poly-Ub chains, as well as efficient methods to deblock selectively the proximal or distal ends, have been published (13) . By these means, poly-Ub of any length and uncontaminated by cyclic species can be assembled.
The ability to catalyze chain cyclization has implications for the structural and kinetic properties of E2-25K. E1 and E2-25K-mediated poly-Ub synthesis is a multistep reaction that normally requires E2-25K to obtain an activated (poly)Ub as the donor molecule from E1, bind another (poly)Ub as the acceptor, and then catalyze isopeptide bond formation between the C-terminal carboxyl group of the donor and the Lys 48 ⑀-amine of the acceptor. Formation of the E2-(poly)Ub thiol ester adduct in the first step mostly involves interactions between the well conserved E2 core domain and the E1Ϫ(poly)Ub complex. This was demonstrated by the fact that a truncated version of E2-25K that only contains the core domain can still form the E2-Ub thiol ester (10) . However, the ability to use Ub or poly-Ub as an acceptor to form Lys 48 -linked chains is unique to E2-25K and requires both the core and the tail domains (9, 10) . Interestingly, the K m of E2-25K for acceptor Ub is 580 M (10), a concentration which is approximately 30-fold higher than the Ub concentration in vivo (28) . Thus, it was postulated that in vivo E2-25K requires another partner to perform its physiological function (10) . Our kinetic studies suggest that the high K m for acceptor Ub actually promotes the cyclization of poly-Ub chains. Suppression of cyclization therefore is another reason to suspect that E2-25K in vivo functions in association with other factors.
It perhaps is surprising that a chain as short as tri-Ub can undergo a head-to-tail intramolecular cyclization. In order to examine possible structural constraints to tri-Ub cyclization, we created a molecular model of the cyclic trimer using the program SYBYL and starting with the crystal structures of Ub and Lys 48 -linked di-Ub (Fig. 8) side chain bonds, whereas the remaining portions of each Ub were held fixed. No steric barriers that would interfere with tri-Ub cyclization were evident. We showed that cyclization also occurs with chains longer than tri-Ub, and it is conceivable that the inherently greater flexibility of longer chains could facilitate the reaction. In fact, in preliminary experiments we have observed that tetra-Ub is cyclized by E2-25K at a much faster rate than tri-Ub (k obs ϳ4 min Ϫ1 for the tetramer, as compared with ϳ0.1 min Ϫ1 for tri-Ub). Longer chains might cyclize even faster, although we expect that at some point the rate will decrease as the distal end of the chain becomes less restricted to the proximity of the enzyme's acceptor site.
The disassembly of cyclic poly-Ub presents a challenge for deubiquitinating enzymes. A large number of deubiquitinating enzymes have been identified in many eukaryotic organisms, yet information about their specificities is available only for a few of them; even less is known about their physiological substrates (34) . In vitro, some deubiquitinating enzymes, including most UCH-family enzymes (33, 41) , cleave predominantly small adducts from the C terminus of (poly)Ub; others such as UBPY (42) 5 can release chains from relatively large adducts. Because each isopeptide linkage within Lys 48 -linked poly-Ub is flanked on each side by two ubiquitins, the active site of a chain-disassembling enzyme must accommodate a large folded polypeptide, Ub, on both sides of the scissile bond. Interestingly, the two best characterized poly-Ub-disassembling enzymes, the PA700 isopeptidase and isopeptidase T, operate from opposite ends of a poly-Ub chain and only as exo enzymes. We are not aware that any isopeptidase has been identified that can act on poly-Ub in an "endo" fashion to cut at an isopeptide linkage that is flanked by two or more ubiquitins. The discovery of cyclic poly-Ub provided an opportunity as well as a motivation to search for such an activity. With radiolabeled cyclic tri-Ub as a substrate, we have detected a candidate endo-isopeptidase in a bovine red blood cell extract. This activity appears to be Ub-specific because it is strongly inhibited by Ubal, a general inhibitor for deubiquitinating enzymes. Moreover, the hydrolysis product from cyclic tri-Ub is intact Ub; it is recognized by E1 and E2-25K, and it is competent to function as a donor Ub for ubiquitination. Based on our current knowledge about deubiquitinating enzymes, the "cyclic poly-Ub isopeptidase(s)" could be a UCH assisted by accessory factors, or a UBP that inherently can cut poly-Ub internally. The identity, specificity, and physiological function of this new isopeptidase are interesting areas for further investigation.
